Numerical investigation of mixed convection heat transfer in an inclined 2D rectangular channel provided with partially heated bottom wall and a constant low temperature upper wall has been performed. The heated section of the bottom wall i.e. the heaters are maintained with constant heat flux and separated from each other by adiabatic segments. A fully developed parabolic velocity profile at constant low temperature is induced at the inlet. To enhance the heat transfer from the heaters, local flow field in the channel is modulated by placing circular cylinders rotating in counterclockwise direction (aiding flow) above each heater along the channel centerline. The fluid and the thermal fields within the rectangular channel are governed by the two-dimensional Navier-Stokes and Energy equations that have been solved by adapting Galerkin finite element method. The governing parameters of the present problem such as Reynolds number (Re) and Grashof number (Gr) are varied in the range of 1 ≤ Re ≤ 100 and 10 3 ≤ Gr ≤ 10
Introduction
Mixed convection being one of the most widely encountered phenomena in industrial and engineering studies, it has numerous enormous applications in industrial sectors such as heat exchangers, nuclear power plants, chemical vapor deposition and cooling of electronic equipment etc. Many researchers have focused on combined heat transfer of natural and forced convection in different types of geometry with or without the presence of an active body. Such as, Guimaraes and Menon [1] studied the effect of inclination angle, Re and Gr on mixed convection in a rectangular channel. Use of discrete heater is also seemed to be of great interest to researchers now-a-days. Dogan et al. [2] and Muftuoglu and Bilgen [3] used discrete heaters in their studies. However, Dogan et al. [2] experimentally investigated mixed convection in a horizontal channel having arrays of discrete heater and also studied the effect of aspect ratio (AR=2, 4 and 10) at various Re and Gr. Muftuoglu and Bilgen [3] investigated the positions of discrete heaters where optimum heat transfer occurs and found that when the discrete heaters are placed closer to the bottom the best thermal performance is obtained. Obstacles inside a channel are also of interest to many researchers. Silva et al. [4] also studied heat transfer through a vertical open channel having distributed heaters. However, use of active body inside an enclosure also attracted interest of many researchers e.g. Costa and Raimundo [5] observed the effect of inserting an active cylinder insider a differentially heated square enclosure on mixed convection. Salam et al. [6] also focused mixed convection in a square enclosure with an active rotating cylinder. Bae et al. [7] investigated mixed convection in a channel having porous multi-blocks under imposed thermal flow modulation and found that heat transfer rate at the most upstream heater is enhanced by the presence of porous block. Premachandran and Balaji [8] investigated mixed convection from horizontal channel with protruding heat sources. Their study indicated that the temperature was a nonlinear decreasing function of increasing Re and a linear decreasing function of increasing Gr. Furthermore, Sharma et al. [9] investigated flow structure and heat transfer characteristics in a baffled grooved channel, differentially heated from the sides and showed that for maximum heat transfer enhancement the optimum height of the baffle should be above 0.50 at any location. Rahman et al. [10] studied mixed convection in an open channel with a square cavity which has partially or fully heated on left side. Active modulation of flow inside a channel is recently given much more importance. Recently, Takahashi et al. [11] studied the effect of inserting a rotating cylinder in a channel and found an effective way to achieve heat transfer enhancement by dynamic flow control method. Further, Billah et al. [12] also studied mixed convection in a channel through active flow modulation using a circular cylinder which was rotating in either clockwise or counter-clockwise direction and found strongly dependency on type of configuration and rotation of cylinder of heat transfer.
From the above literature review, it is evident that mixed convection heat transfer inside an inclined rectangular channel having partially heated bottom wall i.e. multiple discrete heaters with local flow modulation through rotating cylinders has not been studied yet. Therefore, this work emphasized on the effect of rotating circular cylinders in aiding flow configuration of an inclined rectangular channel having multiple discrete heaters in its bottom wall. Further, the effect of various governing parameters such as Reynolds number (Re), Grashof number (Gr), cylinder speed ratio (ξ) and channel inclination angle(α) has been studied extensively.
Mathematical Model
A two-dimensional rectangular channel of length L, height H, being at inclination angle α with the horizontal and having three rotating circular cylinders (diameter 0.5H) is chosen for the present study as illustrated in Fig. 1 . The length of the channel is considered to be L = 9H and three discrete isoflux (q') flat heaters of finite length (B = H) are placed along the bottom wall at x 1 = 2H, x 2 = 4H andx 3 = 6H while the rest of the lower wall is kept adiabatic. The upper wall of the channel is maintained at constant low temperature, T c . To induce local flow modulation, three adiabatic rotating cylinders are centrally placed over each of the isoflux heaters along the channel centerline (y c = 0.5H). Air is entering the channel through the inlet with constant low temperature (T = T c ) with a fully developed parabolic profile having maximum velocity, U max at the channel centerline as shown in Fig. 1 . The present study was conducted by considering the system to be laminar, incompressible and steady-state. The flow is assumed to be twodimensional inside the cavity. Dimensionless governing equation in pressure-velocity formulation can be obtained by using the following dimensionless variables
where, x, y are the dimensional Cartesian coordinates, X and Y are the non-dimensional Cartesian coordinates, u, v are the dimensional velocity components in the x and y-directions respectively, U and V are the non-dimensional velocity components in the X and Y directions respectively, p is the dimensional pressure and P is the non-dimensional pressure, D T is thermal diffusivity of the fluid, T is the dimensional temperature and θ is the non-dimensional temperature, U max is the maximum velocity of the air at the inlet and v p is the peripheral speed of the rotating cylinders. Considering the OberbeckBoussinesq approximation for buoyancy and assuming all fluid properties are constant, the dimensionless Navier-Stokes and Energy equations in pressure-velocity formulation for a Newtonian fluid for the above dimensionless variables can be written in Eqs. (2) (3) (4) (5) .
The dimensionless governing parameters used in (3) (4) (5) are known as the Reynolds number (Re), Grashof number (Gr) and Prandtl number (Pr) that are defined as follows:
The relationship between the stream functions (Ψ) and the velocity components (U, V) are:
Since, the channel walls are solid and stationary; therefore, no-slip condition exists on the walls. However, the circular cylinders are rotating with constant speed and the thermal condition is kept adiabatic. 
The average Nusselt number along a surface of length "s" can be written as,
To estimate the effectiveness of the local flow modulation for heat transfer enhancement via rotating cylinder with respect to the base case (no cylinder condition), the normalized Nusselt number has been expressed in terms of the ratio of the average Nusselt number of the heater with rotating cylinders to that of no cylinder condition as follows: 
Numerical Methodology and Model Validation
In order to investigate the thermal and flow behaviors in the rectangular channel, Galerkin weighted residual method of finite element formulation is used in the present work. The computational domain is discretized into nonuniform triangular elements in order to solve the non-dimensional variables. Finer mesh near the solid boundary and comparatively coarser mesh around the center region of the channel are employed for getting more accurate result due to the fact that dependent variables change rapidly near the boundary. The precision of the computation method is examined via grid validation check. Nine different non-uniform meshes are employed to check the sensitivity of the grid. The grid sensitivity check is performed at Re = 100, Gr = 10 4 and α = 0ᵒ, which is shown in Fig. 2 . It is evident from the figure that the average Nusselt number becomes almost constant at about elements number of 13222 which is selected for further computations for this investigation. 
Guimaraes & Menon [1] study Present study
In order to check the accuracy of the present computational model a validation check of the average Nusselt number for the present numerical model is compared with Guimaraes and Menon [1] in Fig. 3 . The average Nusselt number for both the model is evaluated at Gr =10 3 and α = 0°. From Fig.  2 , it can be confirmed that there is an excellent agreement between the two studies. Therefore, we can claim that the present approach is suitable for further use with satisfactory accuracy.
Results and Discussion
In the present study numerical simulations on mixed convection in an inclined rectangular channel has been performed, containing partially In Fig.4 , the effect of Gr on streamlines is depicted at Re = 1.0. Local flow modulation generated by the rotation of cylinder creates secondary circulation which becomes stronger with increasing Gr. At Gr = 10 3 secondary circulation is very weak and Gr = 10 4 and 10 5 with the increase of buoyancy force secondary circulation turn into strong to stronger. At lower Re cylinder works like an obstacle and so inertia force become weaker after passing through each of the cylinders which makes the flow discontinuous also. With the decrease of inertia force each cylinder creates its own secondary circulation adjacent to it, which can be seen . At speed ratio, ξ = 0.5 isotherm lines are hardly distorted due to lower rotational speed of cylinders. At higher speed ratio isotherm lines are highly distorted at counterclockwise direction by the rotation of cylinders and tried to become straight at downstream of channel. ,addition of cylinders enhances heat transfer around 5% at Heater -1, 10% at Heater-2 and 15% at Heater-3.Here heat transfer is not increased considerably due to very weak flow (Re = 1.0) and addition of cylinders are less effective for this condition .At higher speed ratio, ξ = 2.0 heat transfer is more than other two speed ratios. At moderate flow (Re = 10) and ξ = 0.5 heat transfer increases 6% for Heater-1, 9% for Heater-2, where heat transfer is almost constant with increasing Gr. But at Heater-3 heat transfer increases 35% at lower to moderate Gr and around 20% for higher Gr. In this condition at ξ = 1.0 heat transfer increases around 10% ~ 20% for all heaters due to flow modulation. At ξ = 2.0, heat transfer is most for Heater-1 & Heater-2 than other two lower speed ratios around 15% ~ 35% and decreases at higher Gr. But in this condition at Heater-3 heat transfer increases around 15% due to addition of cylinders. In Fig 11 at Re = 100 and ξ = 0.5, heat transfer increases 32% for Heater-1, 22% for Heater-2 and 18% for Heater-3.At ξ = 1.0, increase of heat transfer is 40% for Heater-1, 28% for Heater-2 and 21% for Heater-3. Results demonstrate that increase of speed ratio enhance the heat transfer which is also true for ξ = 2.0. Here, heat transfer increases 55% for Heater-1, 42% for Heater-2 and 38% for Heater-3.This study depicts that addition of cylinder at higher Re (= 100) enhances heat transfer considerably than no cylinder condition. At Heater-1, heat transfer is more than other two heaters, as more hot fluid is passed through Heater-2 and Heater-3. For all cases, Nu/Nu nc remains almost constant with the increase of Gr. Fig. 12 , depicts the effect of inclination angle of channel (α) on Nu/Nu nc at Re = 1, 10and 100 at Gr = 10 5 for three heaters at different speed ratios. For Heater-1, Nu/Nu nc is always greater than 1.0 for all inclination angles, because Heater-1 is situated at close to entrance of flow. For Heater-2 and Heater-3, addition of cylinders is only effective for approximately horizontal channel (α = 0° ~ 10°). At higher inclination angle, addition of cylinder has negative effect on heat transfer due to gravitational and rotational effect. At Re = 100, Heater-1 is almost 30% ~ 50% efficient at all inclination angles. For all heaters heat transfer decreases with increasing α due to more gravitational force acting at opposite direction of the flow. At Heater-3 performance is very low at higher inclination angle.
Conclusion
The effect of local flow modulation using circular rotating cylinders on heat transfer during mixed convection in a 2-D inclined channel with partially heated bottom wall was the main focus of the present study. The study has been performed for a wide range of various system parameters such as, Reynolds Number (1 ≤ Re ≤ 100), Grashof number 
